This study evaluated efficacy of subcutaneous (sc) interferon beta-1a (IFN β-1a) 44 µg 3 × weekly (tiw) in patients appearing to transition from relapsing-remitting multiple sclerosis (RRMS) to secondary progressive MS (SPMS). The PRISMS study included 560 patients with RRMS (EDSS 0-5.0; ≥ 2 relapses in previous 2 years), and the SPECTRIMS study included 618 patients with SPMS (EDSS 3.0-6.5 and ≥ 1-point increase in previous 2 years [≥ 0.5 point if 6.0-6.5]) randomly assigned to sc IFN β-1a 44 or 22 µg or placebo for 2-3 years, respectively. These post hoc analyses examined five subgroups of MS patients with EDSS 4.0-6.0: PRISMS (n = 59), PRISMS/SPECTRIMS (n = 335), PRISMS/SPECTRIMS with baseline disease activity (n = 195; patients with either ≥ 1 relapse within 2 years before baseline or ≥ 1 gadolinium-enhancing lesion at baseline), PRISMS/SPECTRIMS without baseline disease activity (n = 140), and PRISMS/SPECTRIMS with disease activity during the study (n = 202). In the PRISMS and PRISMS/SPECTRIMS subgroups, sc IFN β-1a delayed disability progression, although no significant effect was observed in PRISMS/SPECTRIMS subgroups with activity at baseline or activity during the study (regardless of baseline activity). In the PRISMS/SPECTRIMS subgroup, over year 1 (0-1) and 2 (0-2), sc IFN β-1a 44 µg tiw significantly reduced annualized relapse rate (p ≤ 0.001), and relapse risk (p < 0.05) versus placebo. Similar results were seen for the PRISMS/SPECTRIMS with baseline disease activity subgroup. Subcutaneous IFN β-1a reduced T2 burden of disease and active T2 lesions in the PRISMS/SPECTRIMS subgroups overall, with and without baseline activity. In conclusion, these post hoc analyses indicate that effects of sc IFN β-1a 44 µg tiw on clinical/ MRI endpoints are preserved in a patient subgroup appearing to transition between RRMS and SPMS.
Introduction
Relapsing-remitting multiple sclerosis (RRMS) is characterized by defined attacks separated by periods of stability. Over time, attacks become less frequent, while disability accumulates. Although the majority of patients with MS present with the relapsing form of the disease, relapses can continue to occur during the gradual transition to the progressive form of the disease, secondary progressive MS (SPMS) [1] . Disease severity is assessed using the Expanded Disability Status Scale (EDSS) score, which ranges from 0 (normal) to 10 (death due to MS) and is based on assessment of clinical deficits in various central nervous system functions. Patients with MS who have EDSS scores 4.0-6.0, while not limited to wheelchair or bed, have moderate disability indicative of disability progression [2] . Although there is no one agreedupon definition of SPMS, it is usually defined as an initial relapsing-remitting disease course followed by progression with or without occasional relapses, minor remissions, and plateaus [3] . Patients with SPMS usually have an EDSS score 5.0-9.5 with impaired ambulation. Patients with an EDSS score 4.0-6.0 may be transitioning to SPMS; however, the disease course varies between patients [2, 4] .
PRISMS (Prevention of Relapses and disability by Interferon beta-1a Subcutaneously in Multiple Sclerosis), a double-blind, placebo-controlled study, demonstrated that subcutaneous (sc) interferon beta-1a (IFN β-1a) three times weekly (tiw) significantly reduced relapses and active T2 lesions over 2 years in patients with active (with relapses and/or evidence of new magnetic resonance imaging [MRI] activity [5] ) RRMS [6] . Disability progression was significantly delayed by sc IFN β-1a 44 µg tiw in the overall population, and in the prespecified subgroup with baseline EDSS score > 3.5 [6] . SPECTRIMS (Secondary Progressive Efficacy Clinical Trial of Recombinant Interferon beta-1a in MS), a double-blind, placebo-controlled study, demonstrated that sc IFN β-1a tiw reduced relapses and active T2 lesions over 3 years among patients with SPMS [7] . Disability progression was not significantly delayed in the overall population, although a greater, non-significant effect was seen in post hoc analyses of patients who had experienced a relapse ≤ 2 years before the study [7] . Both PRISMS and SPECTRIMS included patients with advanced disease at baseline, as well as patients experiencing ongoing disease activity.
While the past two decades have seen numerous effective therapies developed to reduce disease activity in RRMS, most therapies have not been evaluated specifically in patients with confirmed SPMS or in patients who are in the loosely defined transition period between RRMS and SPMS, and effective treatment and clinical management are still lacking [4, [8] [9] [10] [11] [12] [13] . Given the positive results seen with sc IFN β-1a tiw in the high-EDSS population of PRISMS and the subgroup of patients in SPECTRIMS with recent relapses, patients from these two studies with similar disease characteristics were pooled to evaluate the effects of sc IFN β-1a tiw in this unique cohort.
Methods

Study design
In the PRISMS trial, patients with RRMS were randomly assigned to sc IFN β-1a tiw or placebo for 2 years [6] . A total of 560 patients between 18 and 50 years of age, with a history of > 2 relapses in the previous 2 years and an EDSS score of 0-5.0, were randomized and received treatment. Diagnosis of RRMS was based on the Poser criteria [14] . The primary endpoint was the number of relapses over 2 years. All patients had proton density (PD)/T2-weighted scans at baseline and twice yearly [15] . MRI endpoints in the overall PRISMS population included burden of disease (total area of MS lesions identified on a PD/T2 scan) and active (new, recurrent, and enlarging) T2 lesions. Other efficacy measures included disability progression, defined as an increase in EDSS score of ≥ 1 point sustained over at least 3 months [16] .
In SPECTRIMS, 618 patients with SPMS (EDSS score increase of ≥ 1 point within the last 2 years [≥ 0.5 points if baseline EDSS score was 6.0-6.5]) and baseline EDSS score 3.0-6.5 were randomly assigned to receive sc IFN β-1a tiw or placebo for 3 years [7] . Cranial MRI scans were performed at baseline and twice yearly [17] . The primary endpoint was time to confirmed disability progression, defined as an increase from baseline in EDSS score of at least 1 point (or 0.5 points if baseline EDSS score was ≥ 6.0), confirmed 3 months later with no intervening score lower than the minimum required level. Additional clinical endpoints included relapse count and time to first relapse. MRI endpoints in the entire SPECTRIMS population included burden of disease and number of active T2 lesions [17] .
Exploratory analysis of PRISMS high-EDSS subgroup
A predefined subgroup of PRISMS included patients with active but advanced disease, characterized by EDSS 4.0-5.0 at baseline and > 2 relapses in the previous 2 years (defined as PRISMS subgroup). Exploratory analysis of this subgroup over 2 years included assessment of the number of relapses, patients free of relapse, time to first relapse, time to 3-month confirmed disability progression (increase of ≥ 1 point in EDSS score), T2 burden of disease, and active T2 lesions.
Post hoc analyses of pooled subgroups from PRISMS and SPECTRIMS
Post hoc analyses examined the treatment effect of sc IFN β-1a 44 μg tiw versus placebo in a pooled subgroup of patients from PRISMS and SPECTRIMS with baseline EDSS scores 4.0-6.0 (defined as PRISMS/SPECTRIMS subgroup). To identify a subset of patients with advanced but active disease, the PRISMS/SPECTRIMS subgroup was then refined to include patients within this disability range who had either ≥ 1 relapse within 2 years before baseline or ≥ 1 gadolinium-enhancing (Gd) lesion at baseline, referred to as the PRISMS/SPECTRIMS with baseline disease activity subgroup; patients without active disease are referred to as the PRISMS/SPECTRIMS without baseline disease activity subgroup. Post hoc analyses were also conducted for 3-month confirmed EDSS progression on a small subset of patients who had disease activity (≥1 relapse) during the study (defined as PRISMS/SPECTRIMS with disease activity during the study subgroup, regardless of baseline activity) to examine the pattern of progression that may be due to relapse activity. Both trials included sc IFN β-1a 44 and 22 μg tiw treatment arms; as 44 μg is most commonly used, the analyses presented here compare only this dose to placebo. The following endpoints were investigated in all three subgroups: annualized relapse rate (ARR) over year 1 (0-1) and year 2 (0-2), time to relapse over 2 years, risk of relapse at 1 and 2 years, 3-and 6-month confirmed disability progression (EDSS score increase of ≥ 1 point [≥ 0.5 points if baseline EDSS score was ≥ 6.0]) at 1 and 2 years, mean number of active T2 lesions over 2 years (new, recurring, and newly enlarging T2 lesions), and burden of disease (total T2 lesion area) at 1 and 2 years.
Statistical analyses
For the exploratory analysis of the PRISMS subgroup, comparisons were made between the subgroup who received sc IFN β-1a 44 μg tiw and those who received placebo. Independent sample t test was used to compare the number of relapses over time. Cochran-Mantel-Haenszel chi-square test was used to compare the percentage of patients who were relapse free. Between-treatment differences for time to first relapse and time to confirmed disability by 1 point on EDSS were compared using log-rank tests. Analysis of variance on the ranks with effects for baseline EDSS subgroup, center, and interaction between treatment and baseline EDSS subgroup was used to compare treatment groups for T2 burden of disease and the number of active T2 lesions.
For the post hoc analyses of pooled PRISMS/SPEC-TRIMS patients, sc IFN β-1a 44 μg tiw was compared with placebo in each subgroup (overall, patients with baseline disease activity, and patients without baseline disease activity). Hazard ratios (HRs), confidence intervals (CIs), and p values based on Cox proportional hazards model were used to compare between-treatment differences for risk of relapse, time to first relapse, and time to 3-month confirmed EDSS progression over 1 and 2 years. For ARR comparisons, p values were based on negative binomial regression. All comparisons were adjusted for the number of relapses within 2 years prior, age group (< 40 vs ≥ 40 years), and baseline burden of disease (with adjustment for baseline EDSS). T2 burden of disease p values at 6, 12, and 24 months were based on ranked analysis of covariance by adjusting for number of relapses within prior 2 years, age group (< 40 vs ≥ 40 years), baseline EDSS, baseline burden of disease, and derived using the Wilcoxon rank-sum test. The t test was used to compare treatment difference in the number of active T2 lesions. Number of T2 lesions was not measured at baseline in the SPECTRIMS study and thus not analyzed in all three subgroups.
Results
PRISMS subgroup
In the PRISMS trial (n = 371), 59 patients had a high EDSS score (4.0-5.0; Tables 1 and 2 ). As in the overall trial population [6] , PRISMS patients with EDSS 4.0-5.0 treated with sc IFN β-1a (n = 31) had significantly reduced relapses, T2 burden of disease, number of active T2 lesions, and delayed time to confirmed 3-month disability progression versus placebo (n = 28) ( Table 3 ).
PRISMS/SPECTRIMS subgroup
A total of 335 patients with EDSS 4.0-6.0 were included in the pooled PRISMS/SPECTRIMS subgroup (PRISMS, n = 59; SPECTRIMS, n = 276; Table 1 ). Patients in the PRISMS/SPECTRIMS subgroup were slightly older than 
Relapses
In PRISMS/SPECTRIMS patients with high EDSS (4.0-6.0), sc IFN β-1a significantly reduced ARR versus placebo at year 1 and year 2 (Fig. 1a ). The reduction in ARR was significant in the subgroup with active disease at baseline ( Fig. 1b ), but not significant in the subgroup without baseline disease activity ( Fig. 1c ). Treatment with sc IFN β-1a significantly lowered the risk of relapse versus placebo over year 1 and year 2 in the PRISMS/ SPECTRIMS subgroup and the PRISMS/SPECTRIMS with baseline disease activity subgroup (Table 4 ). Subcutaneous IFN β-1a significantly delayed the time to first relapse over 2 years' treatment (p = 0.0043) in the PRISMS/SPECTRIMS with baseline disease activity subgroup (Fig. 2) .
Disability progression
In the PRISMS/SPECTRIMS subgroup, sc IFN β-1a was associated with a lower risk of 3-month EDSS progression versus placebo over 1 year [HR 0.654 (95% CI 0.429-0.997); p = 0.0486] and over 2 years, although this did not achieve statistical significance regardless of baseline disease activity or activity during the study ( Fig. 3 ). Numerically fewer patients treated with sc IFN β-1a versus placebo had 3-month EDSS progression (year 1, 23% vs 29%; year 2, 38% vs 48%). Over 2 years, the time to first EDSS progression was delayed with sc IFN β-1a treatment; however, the HR was similar between all three subgroups ( Fig. 3 ). There were no differences in the time to 6-month confirmed disability progression for patients treated with sc IFN β-1a compared with placebo over 2 years in the PRISMS/SPECTRIMS with baseline disease activity subgroup [HR 0.995 (95% CI 0.597-1.657); p = 0.9832] or the PRISMS/SPECTRIMS with disease activity during the study subgroup [HR 0.762 (95% CI 0.490-1.187); p = 0.2293].
MRI endpoints
Subcutaneous IFN β-1a significantly reduced the T2 burden of disease from baseline compared with placebo through year 2 in all PRISMS/SPECTRIMS subgroups with EDSS 4.0-6.0 ( Fig. 4 ) Compared with placebo, sc IFN β-1a also significantly reduced the mean numbers of active T2 lesions at 6, 12, and 24 months in the overall PRISMS/SPECTRIMS subgroup and PRISMS/SPECTRIMS with baseline disease activity subgroup, but not in the PRISMS/SPECTRIMS without baseline disease activity subgroup ( Supplementary Fig. 1 ).
Discussion
In this post hoc analysis of the pooled subgroup of patients with EDSS 4.0-6.0 from the PRISMS RRMS trial and the SPECTRIMS SPMS trial, sc IFN β-1a 44 µg tiw was effective at reducing relapses and T2 lesion activity versus placebo. Greater efficacy was seen in patients with active disease at baseline (≥ 1 relapse in prior 2 years or ≥ 1 Gd lesion). In patients with high EDSS from the PRISMS trial, sc IFN β-1a delayed disability progression; in the subgroup of patients from both trials, sc IFN β-1a significantly delayed disease progression over 1, but not 2 years. However, no significant effect on delaying further disease progression was seen in the PRISMS/SPECTRIMS with baseline disease activity subgroup. The HR for 3-month disability progression was similar between the PRISMS/SPECTRIMS subgroups. Taken together, these data suggest that baseline disease activity may help identify those patients who could have relapses or radiological progression without treatment.
For the PRISMS/SPECTRIMS without baseline disease activity subgroup, no statistically significant effects of sc IFN β-1a were observed on ARR; however, treatment reduced T2 lesion activity and number in this subgroup, although the low patient number in this subgroup may have influenced the result. Separation between treated and untreated groups in terms of time to disability progression could be seen early in the treatment course for this subgroup, with continued separation over 2 years, although statistical significance was not shown. These results are in line with the overall SPECTRIMS study in which inflammatory and radiological components of MS were more affected by sc IFN β-1a treatment than was disability progression [7] .
The relationship between relapses and disability progression in RRMS has not been not fully elucidated. In patients with RRMS, relapses not only affect EDSS score in the short term [18, 19] but also have been shown to predict future confirmed disability progression [20] . However, other research in patients with more advanced disease has shown a lack of association between relapses and disability [21] . Some studies have suggested that once patients achieved a clinical threshold of disability (EDSS score of 4.0), disability progression was not significantly affected by relapses [22] . The results for the PRISMS and PRISMS/SPECTRIMS subgroups from this study are consistent with relapses having a greater effect on disability.
Some patients with MS may enter a period of fewer interactions with their healthcare provider or withdrawal of disease-modifying drugs (DMDs) as their disability accumulates and they transition to SPMS [23] . These changes in care and treatment are sometimes due to the perception of providers that there are no effective treatment options for patients who appear to be transitioning to SPMS. However, as shown in this study, patients with moderate disability can still experience clinical and MRI benefits from treatment. Findings have been inconsistent regarding the ability of DMDs to delay disability progression in patients with RRMS with higher EDSS or in patients with SPMS regardless of relapse activity. Four large-scale studies assessed the effectiveness of IFN β in patients with SPMS [3, 24] . Among these IFN β studies, the European SPMS (EUSPMS) trial was the only trial to show a positive effect of treatment on the accumulation of irreversible disability progression [3, 24] . The differences in treatment benefit within these studies could be due to the different patient populations included. For example, placebo patients in the North American SPMS (NASPMS) trial progressed less than both placebo and active treatment groups in the EUSPMS trial, even though the inclusion criteria were comparable [25, 26] . Thus, patients participating in the EUSPMS trial were more likely closer to the relapsing phase of MS, while patients in the NASPMS trial were further along in the course of the disease [3] . Evidence is also inconclusive for the effects of other DMDs in patients with high EDSS or SPMS. Natalizumab treatment effect seemed to favor patients with RRMS who have lower baseline EDSS scores (≤ 3.5) over those with higher scores [10] ; furthermore, natalizumab did not delay progression of ambulatory disability in patients with SPMS (in a cohort with baseline EDSS score 3.0-6.5 [mean 5.6], 29% of whom had relapses within the previous 2 years) [11] . In a subgroup analysis of the FREEDOMS study, fingolimod showed a 68% reduction in the odds of disability progression in those with higher baseline EDSS scores (> 3.5) versus a 23% reduction among those with lower scores; however, the relapse activity in the two subgroups was not described [12] . In a subgroup analysis of the TEMSO trial, teriflunomide 14 mg showed a trend towards a greater effect on the risk of disability progression in patients with higher baseline EDSS scores (> 3.5) compared with those with lower scores; ARR was reduced most in patients with lower EDSS at baseline [13] .
It is important to note that the PRISMS/SPECTRIMS subgroup described here included patients with SPMS from the SPECTRIMS trial, which failed to meet the primary endpoint of delaying disability progression. Most of the advances over the past two decades have been limited to patients with RRMS, with few treatments showing efficacy in slowing the rate of disability progression, specifically in patients with SPMS, whose disease has accumulated further. Examinations of treatment efficacy in patients with moderate disability are of interest in light of the developing treatment outlook for patients with progressive disease. Two drugs, the sphingosine-1-phosphate receptor modulator siponimod and a purine antimetabolite, Cladribine tablets, were recently approved by the FDA for the treatment of adults with relapsing forms of MS, including SPMS with active disease [27, 28] . In a phase III study, siponimod significantly reduced risk of 3-month confirmed disability progression by 21% in patients with SPMS and reduced the ARR (0.07 [95% CI 0.06-0.09]) compared with placebo (0.16 [95% CI 0.12-0.21]). Further subgroup analysis identified favorable effects of siponimod versus placebo on the HR of 3-month disease progression in patients who had superimposed relapses in the 2 years before the study (HR 0.67 [95% CI 0.49-0.91]), which suggests that patients with active SPMS received a greater benefit from treatment with siponimod compared with patients with lower activity (HR 0.87 [95% CI 0.68-1.11]) [9] . In the phase III CLARITY trial, Cladribine tablets 3.5 mg/kg reduced ARR by 57.6% versus placebo (p < 0.001) in patients with RRMS, and reduced risk of 3-month disability progression (HR 0.69 [95% CI 0.49-0.96]) [29] . In post hoc analyses of the CLARITY trial in which baseline EDSS score ≥ 3.5 was used as a proxy for active SPMS, Cladribine tablets reduced ARR versus placebo (relative risk 0.43 [95% CI 0.30-0.62; p < 0.001), and 49% of patients treated with Cladribine tablets achieved no evidence of disease activity compared with 17% of patients who received placebo (odds ratio 4.51 [95% CI 2.65-7.69]; p < 0.0001), indicating efficacy in patients with more advanced disease [30, 31] . In addition, the approved indications for other DMDs have been recently updated to include clinically isolated syndrome and active SPMS, and additional updates are expected [32, 33] . These expanded indications may be due to the recognition by regulatory agencies that clinically isolated syndrome, RRMS, and SPMS with relapses are all part of a spectrum of active disease and treatment is warranted at each stage.
The present research is limited by its post hoc nature. The selected patient subgroups having the characteristics of interest made up a small part of the populations from each of the source trials. Furthermore, our analysis did not include stratification of efficacy by patient factors, such as age and sex. Age may be an important predictor of efficacy, as demonstrated in a recent meta-analysis of randomized, blinded clinical trials of MS DMDs against placebo or active comparator, in which the efficacy of immunomodulatory DMDs was found to decrease with age [34] . Although our analysis did not include analysis by sex, a treatment-by-sex interaction was observed in female patients in the SPECTRIMS trial, showing a delay in progression compared with placebo with both sc IFN β-1a doses (p = 0.006 for 44 µg and p = 0.038 for 22 µg), whereas no difference was observed in male patients [7] . An additional limitation is in the lack of a clear definition of "transition" from RRMS to SPMS, and the difficulty of making this assessment within the confines of clinical trials of relatively short duration. Overall, a similar magnitude of effect was observed for the overall PRISMS/SPECTRIMS subgroup and PRISMS/ SPECTRIMS with baseline disease activity subgroup. While efforts were made to select a population consisting of patients from both trials with similar baseline characteristics, it should be noted that the trials had different entry criteria and reported discordant results of disability progression. There are also caveats while extrapolating these results to the modern MS patient population, as higher relapse rates were seen in placebo in PRISMS and SPECTRIMS than have been reported in more recent trials.
These post hoc analyses suggest that treatment with sc IFN β-1a 44 µg tiw effectively reduced relapses, burden of disease, T2 lesions, and in some cases, delayed disability progression in a subgroup of MS patients appearing to transition from RRMS to SPMS. Such patients with active disease and continued disability worsening may still derive some benefit from continued treatment with sc IFN β-1a.
Compliance with ethical standards
Conflicts of interest MSF has received honoraria or consulting fees from Actelion, Bayer HealthCare, Biogen, Chugai, EMD Canada, Genzyme, Hoffmann-La Roche, Merck Serono, Novartis, Sanofi-Aventis, and Teva Canada Innovation; has served on an advisory boards for Actelion, Bayer HealthCare, Biogen, Hoffmann-La Roche, Merck Serono, Novartis, Opexa, and Sanofi-Aventis; and has participated in a speakers' bureau for Genzyme. SB has consulting agreements or has received speaker honoraria from Acorda, Avanir, Bayer HealthCare, EMD Serono, Genzyme, Pfizer, Questcor, and Teva Neurosciences; has served on advisory boards for Bayer HealthCare, EMD Serono, Genzyme, Questcor, Sanofi, and Teva; and has received research or contractual support from the Clayton Foundation for Research, EMD Serono, Pfizer, and Questcor. BAS has received consulting and/or speaking fees from Acorda, Bayer, Biogen, EMD Serono, Genen- 
